Abstract Well-dispersed magnetite nanoparticles of different sizes between 15 and 43 nm were synthesized by an electrochemical method in a controlled manner by simply changing the synthesis temperature. These nanoparticles were used as a reusable adsorbent to remove Cr(VI) from aqueous solution. The recovery efficiency was found to be highly dependent on environmental parameters, such as temperature and pH. In addition, it was demonstrated that the initial concentrations of both Cr(VI) and magnetite nanoparticles strongly influence the removal capability of these nanomaterials. Remarkably, the nanoparticle size has a key role on the Cr(VI) adsorption efficiency, which gradually increases as the diameter decreases due to the augmentation of the surface area. The low aggregation in the case of small particles that results from the low magnetization saturation values also contributes to the enhancement of the surface area available for Cr(VI) adsorption. In contrast, nanoparticles with larger sizes are more easily manipulated by a magnet, and the efficiency is largely maintained after five cycles. The adsorption process fits the Langmuir isotherm model well, and the reaction was found to follow a pseudo-second-order rate.
Introduction
Industrial activities generate different types of waste that cause pollution in soil, water and air as a consequence of either ignorance or mismanagement. This can permanently affect the environment if the discharges are persistent or severe enough to be unable to be assimilated. A clear example is the pollution produced by heavy metal discharges to the environment. Although some heavy metals are essential for life, others are very toxic, even at low concentrations. Among heavy metals, chromium is generally considered to be very harmful to health, especially Cr(VI). Indeed, the United States Environmental Protection Agency (EPA) fixed the maximum contaminant level for chromium in drinking water at 0.1 mg/L. Several processes have been developed to eliminate the chromium present in industrial wastewater (Singh and Prasad 2015) . The most commonly used methods to reduce the concentration of Cr(VI) in aqueous solutions are ion exchange, polymer resins, coagulation-flocculation, activated carbon adsorption and the reduction/chemical precipitation/sedimentation process (Boddu et al. 2003; Hu et al. 2004; Patterson et al. 1997) . Although the last method is probably the most commonly employed, it is very inefficient because a large amount of sludge is produced and the chromium cannot be recovered from the precipitate, making this strategy very expensive (Leyva Ramos et al. 1994) . On the other hand, adsorption is considered to be an efficient method for removing heavy metals from wastewater (Aggarwal et al. 1999; Selvi et al. 2001) .
Various adsorbent materials have been tested to remove Cr(VI) from aqueous solution. These materials include activated carbon, activated alumina, natural zeolites and various biosorbents (Faghihian and Bowman 2005; Khezami and Capart 2005; Mor et al. 2007 ). However, these adsorbents present a common problem, the need for a second separation process from solution, which increases operating costs.
Recently, the use of magnetic materials has attracted increasing interest because they allow for the easy separation of the material from the working environment by using a magnet (Crane et al. 2011) . Unfortunately, bulk magnetic materials have a low surface area, which means that the adsorption process is not realistic for the treatment of waste-containing heavy metals, in this particular case, Cr(VI). From this point of view, increasing the active surface area is necessary to use these magnetic materials as adsorbents. To augment the active surface area, the crystal size of the magnetic material should be reduced to the nanoscale. Recent studies have shown that magnetite nanoparticles can efficiently adsorb heavy metals, including arsenic, lead, copper and chromium (Hu et al. 2006 (Hu et al. , 2007 Liu et al. 2012; Vunain et al. 2013) .
The current study investigates the Cr(VI) adsorption ability of magnetite nanoparticles obtained via an electrochemical route. The influence of parameters such as the pH, temperature and size of the nanoparticles on the adsorption capability has been studied in detail, as well as the reusability of these nanoparticles as adsorbents. The type of adsorption isotherm and the kinetics of the process are also presented.
Materials and methods

Electrochemical synthesis
Magnetite nanoparticles (Nps) of different sizes were synthesized using an electrochemical method developed by Cabrera et al. (2008) . Briefly, foils of iron (99.5 %, Goodfellow) were used as the anode and cathode, with areas of 2 and 4 cm 2 , respectively, and were immersed in an electrolyte solution of tetrabutyl ammonium bromide (0.04 M, Aldrich), which also acts as a surfactant to avoid agglomeration. In all cases, a constant current of 50 mA/cm 2 was applied using an AMEL model 549 potentiostat/galvanostat for 30 min. Constant stirring was maintained at 1100 rpm, and the synthesis temperature was varied from 5 to 60°C to obtain nanoparticles of various sizes.
Nanoparticle characterization
The crystalline phase and the crystal size of the synthetized nanoparticles were studied by X-ray diffraction using a X'Pert PANalytical diffractometer with Cu-Ka radiation. The diffraction patterns were analysed using the Fullprof suite (Roisnel and Rodriguez-Carvajal 2000) based on the Rietveld method. Transmission electron micrographs were acquired on a JEOL JEM 1010 operating at an acceleration voltage of 100 kV. Samples were prepared by placing a small droplet of the colloidal solution on a copper grid with an amorphous carbon support film and allowing it to dry overnight.
The Z potential of the colloids was measured using a Malvern Z sizer nano DLS instrument, and the pH was adjusted by the addition of HCl or NaOH.
X-ray photoelectron spectroscopy (XPS) experiments were performed in an ultrahigh vacuum (UHV) chamber with a base pressure of 10 -9 mbar using a hemispherical electron energy analyser (SPECS Phoibos 150 spectrometer) and a monochromatic AlKa (1486.74 eV) X-ray source. XPS spectra were recorded at a normal emission take-off angle using an energy step of 0.1 eV and a pass energy of 20 eV, which provides an overall instrumental peak broadening of 0.55 eV (Sanchez-Garcia et al. 2009 ). Data processing was performed using CasaXPS software (Casa Software Ltd., Cheshire, UK).
Adsorption experiments
Chromium(VI) concentrations were measured by a Perkin Elmer model Lambda35 UV-visible spectrometer, and the samples were tested in triplicate. A calibration curve with Cr(VI) concentrations ranging from 10 to 100 mg/L was generated. A certain amount of magnetite nanoparticles (0.5-2.0 mg/mL) was added to chromium(VI) aqueous solutions of different concentrations, and the mixtures were magnetically stirred. After a desired time, the nanoparticles were easily removed from the solution using external magnetic forces. Samples were collected at different times, and the absorbance of these solutions was measured. The chromium adsorption experiments were performed at various pH values and temperatures and using four different magnetic nanoparticle sizes.
Results and discussion
Nanoparticle characterization
Different iron oxide nanoparticles were synthetized by varying the diameter to investigate the effect of the particle size and thereby the surface area for the removal of chromium from aqueous solution. The electrochemical synthetic method allows for the control of the particle size by the simple variation of the reaction temperature (Mazario et al. 2012) . In particular, the experiments were carried out at 5, 20, 40 and 60°C. First, the nanoparticles obtained at each temperature were analysed by XRD. Diffraction peaks appeared in the patterns of all of the nanoparticles at 2h values of 18. 2°, 30.1°, 35.5°, 37.1°, 43.1°, 53.4°, 56.9°and 62.6°, corresponding to (111) , (220), (311), (222), (400), (422) and (511) Bragg's reflections, respectively, and can be indexed to the spinel magnetite (Fd-3m) without further peaks corresponding to intermediates of the reaction or other impurities. The average crystallite size of the magnetite nanoparticles estimated by Rietveld shows that the diameter increases with the temperature, with sizes of 15, 23, 28 and 35 nm, for reaction temperatures of 5, 20, 40 and 60°C, respectively. The obtained nanoparticles were further characterized by TEM, as displayed in Fig. 1 . Quasispherical nanocrystallites are clearly observed for all the investigated temperatures. The mean diameter and the particle size distribution were estimated from the TEM images by counting at least 100 nanoparticles, showing that the NP size progressively increments as the temperature increases, in agreement with the trend measured by XRD, with values of 16, 21, 36 and 43 nm. Concomitantly, the nanoparticles tend to aggregate as the diameter increases, especially for the largest particles, which affects the chromium adsorption.
Effect of pH on the Cr(VI) recovery
pH is one of the most important parameters affecting the adsorption process because Cr(VI) is present in different ionic forms depending on the pH conditions. In principle, Cr(VI) uptake by iron oxide nanoparticles is favoured at acidic pH (Burks et al. 2014) , as the predominant form in solution is the hydrogen chromate ion (HCrO 4 -) (Benefield 1982) , while the magnetite surface becomes more positively charged and thereby facilitates the attraction of these negatively charged species. Zeta potential experiments at different pH values were carried out to corroborate the surface charge of the magnetite nanoparticles. As expected, the surface of the Fe 3 O 4 Nps exhibits positive charges at acidic pH (isoelectric point at pH 6.2) due to the dominant groups that are generated at the surface, mainly Fe 2? , Fe 3?
and FeOH ? , which attract negatively charged pollutants (Chowdhury et al. 2012) . Z potential experiments on colloidal magnetite nanoparticles also show the stability of this colloid at pH values below 5, with a Z potential higher than ?20 mV. Therefore, the stability of the colloid is very important to consider in determining whether this system is able to adsorb ions from solution.
Afterwards, the ability of Fe 3 O 4 nanoparticles to adsorb Cr(VI) was tested by varying the contact time at pH 3.5. Figure 2 displays the results as a function of the time for NPs with a diameter of 21 nm (2 mg/mL) and an initial Cr(VI) concentration of 80 mg/L at room temperature. It is clearly observed that the adsorption rate was initially rapid because of the high number of vacant adsorption sites available on the surface, and then, a plateau was reached, indicating saturation. A similar behaviour was found for all tested concentrations, with equilibrium reached in 20 min in all of the cases. This time is comparable to the equilibrium time achieved by Hu et al. (2004) and is lower than that obtained by Chowdhury et al. (2012) , who used magnetite-maghemite as the adsorbent. Subsequently, the effect of pH as well as of other parameters on the removal of Cr(VI) by the magnetite nanoparticles was studied with a contact time of 30 min to assure equilibrium. Figure 3a shows that the adsorption of Cr(VI) decreases as the pH increases, and this reduction in the removal capability is more notable at pH 4.5. Although the efficiency is higher at low pH, the magnetic nanoparticles can be partially dissolved at a very acidic pH, (Burks et al. 2014 ) even with the surfactant cover that can protect them from dissolution. As the recyclable and reusable capacity of the magnetic nanoparticles is also investigated in this work, it is important to avoid, as much as possible, the dissolution of the particles. Therefore, a relatively moderate acidic pH value of 3.5 is selected in this study, with a fairly acceptable chromium removal efficiency. At this pH, the zeta potential of the magnetic Nps is higher than ?20 mV, exhibiting good colloidal stability and a suitable positive charge for attracting the negatively charged chromium species in solution through electrostatic interactions.
Effect of the temperature on the Cr(VI) recovery
The effect of temperature on the percentage of chromium removal was also investigated as a crucial factor affecting the efficiency of the process. Experiments were carried out using nanoparticles with a diameter of 21 nm as the adsorbent (2 mg/mL) at an initial chromium concentration of 80 mg/L. A contact time of 30 min and a nanoparticle concentration of 2 mg/mL were fixed for all the experiments, while the pH was set at 3.5. Figure 3b shows that the efficiency clearly increases as the temperature increases from 10 to 75°C. This increase may be attributed to the enhancement of the Cr(VI) diffusion from the solution to the adsorbent surface when the temperature rises, probably due to the decrease in the solution viscosity and the increase in the collision frequency. Once the Cr(VI) is located on the outer nanoparticle surface, there might be electrostatic attraction occurring between the adsorbate and adsorbent (Singh et al. 1993 ). In addition to this effect, varying the temperature would modify the equilibrium capacity (Khezami and Capart 2005) . It is noteworthy that the efficiency increases from 10°C to reach a plateau at approximately 40°C and subsequently sharply increases at higher temperatures. Previous studies using magnetic nanoparticles as adsorbents showed optimal temperatures between 25 and 40°C, but higher temperatures were not further investigated in those works (Dula et al. 2014; Shahriari et al. 2014; Sharma and Srivastava 2010) .
Effect of the initial concentration of Cr(VI) and the nanoparticles on the Cr(VI) recovery
The initial concentration is also a key parameter to take into consideration, as the diffusion of the ions to the nanoparticles is governed by the concentration. Figure 3c shows the efficiency as a function of the initial concentration of Cr(VI) for magnetite nanoparticles with a diameter of 21 nm at a concentration of 2 mg/mL. It is observed that the adsorption increases when the initial concentration of Cr(VI) is higher. This is due not only to an enhancement in the diffusion but also as a result of the incrementation of the number of ions competing for the Fig. 2 Effect of contact time on the adsorption of Cr(VI) at an initial concentration of 80 mg/L at 20°C and pH 3.5 using magnetite nanoparticles with a 21 nm diameter at a concentration of 2 mg/mL Fig. 3 a Effect of the initial solution pH on the chromium removal efficiency (q e ) at an initial Cr(VI) concentration of 80 mg/L and 20°C using magnetite nanoparticles with a 21 nm diameter at a concentration of 2 mg/mL. b Effect of the reaction temperature on (q e ) at an initial Cr(VI) concentration of 80 mg/L and pH 3.5 using magnetite nanoparticles with a 21 nm diameter at a concentration of 2 mg/mL. Then, the effect of the initial amount of nanoparticles added to the chromium solution was studied. Different concentrations of magnetite nanoparticles were employed, 0.5, 1.0 and 2.0 mg/mL, fixing the initial Cr(V) concentration at 80 mg/L in each experiment. Figure 4a shows that the percentage of adsorbed Cr(VI) rises with the increment of the magnetite nanoparticles used as adsorbents. However, the removal efficiency, defined as the amount of adsorbate adsorbed per unit mass of adsorbent (q e ), does not vary significantly with the amount of magnetite nanoparticles added to the solution, as displayed in Fig. 4b . This fact indicates that in the investigated range of nanoparticle concentration, the aggregation of nanoparticles is very limited, consequently maintaining the active area for adsorption.
Effect of the nanoparticle size on the Cr(VI) recovery and regeneration of the magnetite nanoparticles
Another important factor that strongly affects the adsorption of Cr(VI) by magnetic nanoparticles is the particle size and therefore the surface area of the adsorbent. In spite of its importance, the effect of the adsorbent size has not been extensively studied until now. The electrochemical synthesis employed for the preparation of the magnetite nanoparticles allows for the easy control of the nanoparticles by simply varying the reaction temperature. The diameter was varied from 16 to 43 nm (as measured by TEM) (see Fig. 5 , first cycle). The recovery efficiency significantly increases when the particle size decreases to 13.3 mg/g for a NP of 16 nm, which is a relatively high value in comparison with other unsupported systems reported in the literature (Chowdhury et al. 2012; Yuan et al. 2009 ). This is because the surface/volume ratio increases, thus augmenting the surface available for adsorption as a result of not only the smaller particle size but also to the dispersibility of the NPs. The agglomeration of NPs is significant for nanoparticle sizes [36 nm, as demonstrated by TEM, which further reduces the surface available for Cr(VI) adsorption. The magnetization saturation generally decreases with the diameter, and therefore, the aggregation of the particles decreases, but at the same time, the manipulation and recovery of the nanoparticles by external magnetic fields could become more difficult. A regenerative test was conducted to evaluate the reusability of electrosynthesized Fe 3 O 4 NPs of different sizes. The study was carried out following the route previously proposed by Hu et al. (2006) , in which the chromiumloaded magnetite NPs were incubated in a 0.01 M NaOH solution for 30 min to remove the adsorbed Cr(VI) ions before being repeatedly washed with distilled water. Then, the surface chemical composition of the samples was analysed by XPS measurements. Carbon and hydroxyl (OH) species were detected as contaminants on the surface of the samples. The overall surface composition was determined from survey spectra with regions of interest of (Fe2p, Cr2p, O1s, C1s). Chastain 1992 ). The integral peak areas after background subtraction and normalization using sensitivity factors provided by the electron energy analyser manufacturer were used to calculate the atomic concentration of each element. The chromium content results are displayed as a table in Fig. 6 . There is a clear decrease in the Cr/Fe ratio and then in the Cr content upon the chemical cleaning of the sample. These values are equivalent to those obtained in the same samples upon mild Ar ? ion bombardment to eliminate part of the carbon contamination present on their surfaces, which attenuates both the Fe and Cr emissions. These results demonstrate the partial regeneration of the adsorbent after NaOH treatment. The adsorption process involved two main steps. In the first step, physical adsorption of the Cr(VI) occurs, whereas in the second step, a chemical reaction takes place, reducing Cr(VI) and forming the FeCr species that is strongly chemically adsorbed onto magnetite. Apparently, only the physisorbed Cr(VI) is eliminated by the NaOH treatment, while the chemically adsorbed Cr(VI) remains on the nanoparticle surface.
The reusability of the magnetite nanoparticles was investigated as a function of the diameter. After treatment with a NaOH solution and several washing steps, the nanoparticles were added to a fresh Cr(VI) solution at an initial concentration of 80 mg/L. Then, the magnetic nanoparticles were separated from the solution via a magnet, and the solution was examined to investigate the repeatability of the removal efficiency. Figure 5 depicts the recycle graph for different nanoparticle sizes. Remarkably, the nanoparticles maintained a distinguishable removal capability after five cycles for all of the investigated particle sizes, although a slight decrease was observed that was more significant for the smallest particles. As described above, the magnetization saturation of nanoparticles with a small diameter is considerably lower than that of nanoparticles with larger sizes, and thus, their separation from the solution via a magnet is more difficult, resulting in a partial loss of the nanoparticle adsorbent during the cycles.
Isotherms and kinetic adsorption
To further investigate the adsorption process of Cr(VI) on Fe 3 O 4 nanoparticles, the Langmuir equation was employed (Eq. 1). The Langmuir isotherm is used when the adsorption phenomenon and the coverage behave as a monolayer with a finite number of adsorption sites (Gupta and Chen 1978) . Once a site is filled, no further adsorption can occur at that site as long as the surface has reached a saturation point.
where C e is the equilibrium concentration of the adsorbate (mg/L), Q e is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g), and b and Q o are the Langmuir constants related to the monolayer adsorption capacity and the affinity of the adsorbent towards adsorbate, respectively. In this study, a linear dependence was observed in the graph of C e /Q e versus C e , with a correlation coefficient R 2 = 0.998, indicating that the adsorption of Cr(VI) onto Fe 3 O 4 nanoparticles follows a Langmuir isotherm. This fact corroborated that the process is governed by the adsorption of active sites on the surfaces, as when these active sites are saturated with Cr(VI), the nanoparticles are unable to remove more adsorbate.
The kinetics of Cr(VI) adsorption were evaluated using the pseudo-first-order and pseudo-second-order models, as shown in Fig. 7a, b, respectively. In the case of the pseudofirst-order kinetics, the equation used is as follows:
where k ad is the pseudo-first-order rate constant (min -1 ) of adsorption and q e and q t (mg/g) are the experimental adsorption capacity at equilibrium and the adsorption capacity at time t, respectively.
The pseudo-second order is defined by the following equation:
where k is the pseudo-second-order rate constant of adsorption (g/mg min). As can be observed, the pseudo-second-order equation fits this process well. Although at low Cr(VI) concentrations of \15 mg/L, a pseudo-first-order fitting model is suggested, as the Cr(VI) concentration increases, the fitting with the pseudo-first-order model declines. The pseudosecond-order kinetic model considers chemisorption to be the rate-limiting step, which occurs at high Cr(VI) concentrations and when the interactions of the ions and the active sites on the surface are effective. Yuan et al. (2009) previously studied the adsorption of Cr(VI) on magnetite nanoparticles and also on magnetite nanoparticles supported on montmorillonite, and they concluded that supported nanoparticles present much higher efficiency for the adsorption of Cr(VI). This was attributed to the fact that the magnetite nanoparticles are better dispersed when they are supported, which makes the synthetic approach more complex. In our work, the nanoparticles obtained by the electrochemical method are well dispersed in solution directly from synthesis, and they demonstrate high efficiency in removing Cr(VI) compared with other studies in which the nanoparticles were obtained by other strategies such as the coprecipitation method.
Conclusion
Well-dispersed magnetite NPs of various sizes were obtained by the electrochemical method, and their efficiency in removing Cr(VI) from aqueous solution was investigated. The adsorption of chromium was found to be highly dependent on parameters such as pH and temperature, with a great adsorption loading capability exhibited at pH values lower than 4 and at relatively high temperatures. Remarkably, it was demonstrated that the particle size of the NPs as well as their stability in aqueous solution has a strong influence on the chromium removal efficiency. The adsorption capacity progressively increases as the diameter decreases as a consequence of not only the higher surface area but also of their higher stabilization and lower aggregation. The magnetite NPs can be easily separated from the solution by applying an external magnetic field and reused as an adsorbent after removing the adsorbed Cr(VI) under alkaline conditions. Although the XPS measurements show that the number of active sites is not Fig. 7 Kinetic models for the adsorption of Cr(VI) onto magnetite nanoparticles with a 21 nm diameter at 20°C and pH 3.5. a Pseudo-first-order model and b pseudo-second-order model completely recovered, the efficiency was largely maintained after five cycles. However, it was observed that the loss of this efficiency was more significant in the case of the smallest nanoparticles as a consequence of its low magnetization saturation value, which limits the manipulation of the NPs by a magnet and thereby their recovery. A further investigation of the adsorption process shows that the adsorption of Cr(VI) follows a Langmuir isotherm, with adsorption in a monolayer. In summary, the control of the different parameters affecting the removal of Cr(VI) from aqueous solution is crucial to achieve an adequate balance in recovery. In particular, the control of the particle size is of great importance for the applicability of these materials in wastewater, and in this regard, the electrochemical synthesis of magnetic NPs seems to be an appropriate and suitable strategy that allows for the preparation of relatively monodisperse NPs with good colloidal stability and for tuning the final diameter in a very simple manner.
